Context. An accumulation of Cold Dark Matter in the vicinity of the galactic plane of the Milky Way has been observed. Aims. We determine necessary conditions for the observed accumulation. Methods. We establish models for the steps of the process of the infall of a dwarf galaxy. These describe the formation of a spiral orbit due to dynamical friction, the tidal disruption of the dwarf and the interaction of the resulting tidal stream with the galactic disk. Results. The tidal stream is gravitationally stable. For the described steps of infall we determine duration times and necessary cross sections for the interaction of Cold Dark Matter particles with particles in the galactic disk. For typical cross sections of strong and weak interactions, the duration of the process of accumulation of Cold Dark Matter in the galactic disk exceeds the age of the universe. Conclusions. The above-mentioned necessary cross section is larger than the cross sections typical for either weak or strong interaction.
Introduction
Cold Dark Matter (CDM) has been introduced in order to explain gravitational forces underlying the orbits of stars within galaxies, and the movement of galaxies within galaxy clusters (Bosma, 1981; Rubin et al., 1985; Kent, 1986) . A novel indication for CDM is given by an excess of gamma rays observed by the Energetic Gamma-Ray Experiment Telescope (EGRET) on the Compon Gamma Ray Observatory (Strong & Mattox, 1996; Hunter et. al., 1997) . Both the rotation curve (Blitz, 1979) and the EGRET data indicate an accumulation of CDM at a radius of R = 15kpc towards the galactic center. Moreover, the CDM emitting these gamma rays, is located in the vicinity of the galactic plane (Hunter et. al., 1997; de Boer et al., 2005) . At this radius, an increased number of stars is observed additionally (Ibata et al., 2003) .
In this paper, we investigate the process of this observed accumulation of CDM in the vicinity of the galactic disk. We model this accumulation due to the infall of dwarf galaxies corresponding to the process of hierarchial galaxy formation (Martinez-Delgado et al., 2005; Sales et al., 2008) . The infall takes place as a sequence of several steps: Originally, the dwarf galaxy moves on its orbit with the radius R around the galactic center with an inclination i towards the galactic plane. Due to dynamical friction, the dwarf galaxy loses energy and thus decreases its orbital radius R while maintaining its inclination i. During this process of approaching the galactic center, the dwarf galaxy is exposed to increasing tidal forces which lead to the tidal disruption of the dwarf galaxy at a radius R t . Because of this the mass of the dwarf galaxy forms a tidal stream orbiting around the galactic center, still with the original inclination i. This tidal stream cannot produce a wake and thus does not experience dynamical friction (Chandrasekhar, 1943) . Consequently, this process does not explain the observed accumulation of CDM in the vicinity of the galactic disk. Thus we model the interaction of the tidal stream with the galactic disk. This interaction cannot be caused by gravity due to the stability of the inclination in the above process. Electromagnetical interaction is excluded for CDM by definition. Thus we model the interaction with short range forces. We investigate both the duration of the accumulation process as well as the necessary cross section σ of the interaction.
Spherical Mass Accumulation
In this section we model the accumulation of mass within a shell of the radius R = 15kpc towards the galactic center.
Observational Evidence
The rotation curve of the Milky Way shows a clear increase in rotation velocity at radius R = 15kpc (Blitz, 1979) . This indicates a mass accumulation at this radius. By analysing data from the Sloan Digital Sky Survey a large stellar structure surrounding the galaxy at R = 15kpc was found. The stellar mass may amount from 2 · 10 8 M ⊙ to 10 9 M ⊙ (Ibata et al., 2003) . The excess of diffuse galactic gamma rays observed by EGRET suggests a CDM accumulation consistent with a radius R = 15kpc towards the galactic center. The mass of this CDM structure is estimated to be around 9 · 10 10 M ⊙ (de Boer et al., 2005).
Proposed Models
In this part, we model how several dwarf galaxies move towards the galactic center (section 2.2.1). In a second model we simulate the disruption of the dwarf galaxies due to tidal forces. We find an accumulating effect at radius R = 15kpc (section 2.2.2).
Model of spiral orbit
According to the model of hierarchial galaxy formation the Milky Way increases its mass by the accretion of dwarf galaxies. The main mechanism for this accretion is the dynamical friction proposed by Chandrasekhar (1943) . The theory of dynamical friction has been developed for a Maxwellian distribution of velocities of the background stars. This model of dynamical friction can be applied to the accretion of dwarf galaxies (Tremaine, 1976) . The model describes the change of velocityv of a dwarf galaxy that moves with velocity v on a circular orbit around the galactic center on a short timescale and decreases its radius R due to dynamical friction on a large timescale. According to Tremaine (1976) , this loss of velocity v can be expressed as follows:
In this G is the gravitational constant, m is the mass of the dwarf galaxy, ̺(R) is the mass density of the surrounding medium at radius R, ln Λ is the Coulomb logarithm, erf denotes the error function, and v c is the velocity for a circular orbit at radius r. We chose the Coulomb logarithm according to Bontekoe & Albada (1987) to be ln Λ = 0.76. After a relatively short time, the dwarf galaxy moves on to a circular orbit with radius R and velocity v = v c around the center of the galaxy. Thus, erf(v/v c ) = 0.8427 and erf ′ (v/v c ) = 0.2342. Due to dynamical friction, the orbital velocity v decreases (see equ. 1). In order to solve this ordinary differential equation for the velocity v, we eliminate the radius R in ̺(R) as follows.
For circular orbits, the orbital velocity v can be determined by equating the centripetal and gravitational force which leads to R = GM(R)/v 2 . To determine M(R), we assume the mass in the Milky Way halo to be distributed according to the pseudo-isothermal density profile which is expressed as follows (Jimenez et al., 2003; de Boer et al., 2005) :
The mass M(R) is determined by integrating the above equation for all directions of r:
Here,̺ = ̺ 0 (1 + r 2 0 /a 2 ). We use the radii a = 5kpc, R 0 = 8.3 kpc and the density ̺ 0 = 1/2GeV/(c 2 cm 3 ) (de Boer et al., 2005) . As R ≫ a, the term arctan(R/a) is approximated in the following calculation as π/2. Inserting the equation for M(R) in R = GM(R)/v 2 , we get an expression for the orbital radius R depending on the orbital velocity v:
To test the above model, we numerically solve the ordinary differential equation 1 with the radius according to equ. 4. In this manner, we simulate the orbital decay of the Large Magellanic Cloud (LMC) with m = 1.5 · 10 10 M ⊙ . We get a decay time of 5.85 Gyrs, for a decreasing orbital radius from R init = 200kpc to R end = 15kpc. This time is smaller by a factor of 2 than the decay time determined by Tremaine (1976) . For a smaller dwarf with mass m = 2.5 · 10 8 M ⊙ as a typical mass of a dwarf galaxy (Sales et al., 2008; Brinks & Klein, 1988; Kormendy, 1987; Meurer et al., 1998) , we get a decay time of 11.34 Gyrs with a decreasing orbital radius from R init = 22kpc to R end = 15kpc. Thus, dwarf galaxies can reach the galactic radius of R = 15kpc, where the CDM structure is located, just by dynamical friction.
Model of accretion during spiral orbit
The change of velocity of the dwarf galaxy due to dynamical friction is proportional to its mass m (see equ. 1). Due to accretion, the mass m increases during the spiral orbit of the dwarf galaxy. This process can be described by a model proposed by Bondi & Hoyle (1944) . The change of massṁ can be denoted as follows:
As in the dynamical friction model, the effect on the dwarf galaxy depends on the distribution of velocities of the background objects. For a Maxwellian distribution of velocities f (v), m can be denoted as:
This equation can be integrated numerically. The process of Bondi-Hoyle-Accretion accelerates the orbital decay in comparison to the last model (see section 2.2.1). Using this model, we get a decay time of 5.75 Gyrs for a decreasing orbital radius of the LMC from R init = 200kpc to R end = 15kpc and a decay time of 11.15 Gyrs, for a decreasing orbital radius of the smaller 2.5 · 10 8 M ⊙ -dwarf from R init = 22kpc to R end = 15kpc. The simulation results of both dynamical friction models with and without the mechanism of Boni-Hoyle-Accretion are shown in fig. 1 . In the models with Bondi-Hoyle-Accretion, the orbital decay occurs faster as the galaxies increase their mass during their orbit and thus increase the drag due to dynamical friction.
Model of accumulating tidal disruption
The mass of the CDM structure at R = 15kpc is estimated to be 9 · 10 10 M ⊙ . This mass is much larger than the mass of a typical dwarf galaxy (Sales et al., 2008; Brinks & Klein, 1988; Kormendy, 1987; Meurer et al., 1998) , thus we expect this structure to be caused by the infall of several dwarf galaxies. As described with the help of the last model (see section 2.2.2), the distance of the dwarf galaxy towards the galactic center decreases due to dynamical friction. With decreasing distance of the dwarf towards the galactic center, the tidal forces working on the dwarf increase. The dwarf galaxy is tidally disrupted, as soon as its distance R t to the galactic center is smaller than the following (Magorrian & Tremaine, 1999) : In this, M(R t ) is the mass within the radius R t , m is the mass and R dwar f is the radius of the dwarf galaxy. The above expression shows that, as long as the mass density of the dwarf ̺ dwar f is larger than η 2 times the mass density of the background medium ̺(R), the dwarf is stable. When ̺ dwar f ≤ η 2 ̺(R), the dwarf is tidally disrupted. We use η = 2.21 as published by Magorrian & Tremaine (1999) .
Using this criterion for the tidal disruption of dwarf galaxies we simulate the orbit of a dwarf galaxy on its way to the galactic center of the Milky Way, to determine the radius R t at which the dwarf is tidally disrupted. For the background medium, we use the pseudo-isothermal density profile (see equ. 2). As soon as a dwarf galaxy is disrupted, its mass is added to the background medium to increase the background density. For this simulation, we use dwarf galaxies with a typical mass of 2.5 · 10 8 M ⊙ ± 10% and a typical radius R dwar f = 0.9kpc±10% (Sales et al., 2008; Brinks & Klein, 1988; Kormendy, 1987; Meurer et al., 1998) . Both masses and radii are distributed uniformly within their intervals of width ±10%. Figure 2 shows the density distribution of the Milky Way, as simulated using the above model and 360 infalling galaxies with a resolution of 1/2kpc. Thus, the total mass of the simulated shell is 9 · 10 10 M ⊙ . The halo density according to the pseudo-isothermal profile is increased within the galactic radii R i = 6kpc and R o = 15kpc due to the mass within the CDM shell that consists of the tidally disrupted galaxies.
Discussion of spherical model
Orbital decay, that is caused by dynamical friction, and the tidal disruption of dwarf galaxies lead to spherical structures of CDM around the galactic center. Using common parameters (m = 2.5 · 10 8 M ⊙ ±10% and R dwar f = 0.9kpc±10%, see above) for the mass and radius of the dwarf galaxies and for the density distribution (see equ. 2) within the Milky Way, CDM structures form with a distance of 6kpc to 15kpc from the galactic center. These radii are in agreement with those of the observed CDM structures (see section 2.1).
As soon as a dwarf galaxy is tidally disrupted, its material forms a ring with the radius R t towards the galactic center. The material orbiting within the ring does not produce a wake any The shell consists of 360 tidally disrupted dwarf galaxies, the halo is described using the pseudo-isothermal profile.
more, hence no dynamical friction occurs and the radius R t remains constant.
Toroidal Mass Accumulation
In this section we model the accumulation of mass within a ring of large radius R = 15kpc towards the galactic center and small radius R C = 1.7kpc.
Observational Evidence
Observational evidence for a ringlike CDM structure is given by an excess of gamma rays observed by EGRET (Hunter et. al., 1997) . This excess is at its maximum at energies between 2 GeV and 4 GeV. The radiation has its origin in the vicinity of the galactic disk. The origin has been determined precisely by de Boer et al. (2005) based on the assumption that the radiation is caused by annihilating CDM particles with a mass of about 60 GeV/c 2 . The excess was best reproduced by modelling two rings of CDM in the galactic disk around the galactic center with radii of 4.14 kpc and 12.9 ± 3.3 kpc, consistent with R = 15kpc (Strong & Mattox, 1996; Hunter et. al., 1997; de Boer et al., 2005) . In addition, the density of stars is increased in the outer CDM ring (Crane et al., 2003; Ibata et al., 2003) . We investigate the formation of only the outer CDM ring.
Proposed Model
In section 2 we have shown that spherical CDM structures at R = 15kpc can be formed by tidally disrupted dwarf galaxies. In this section, we model the process of the formation of a ringlike CDM structure within the galactic plane by flattening the spherical CDM structure modelled in section 2. Other possible processes for the formation of a ring-like CDM structure are discussed in sec. 3.3.3. As the CDM structure is observed within the galactic plane, there must be some interaction of the CDM in the sphere and the particles in the galactic plane. This interaction cannot be caused by gravity, as dynamical friction just causes a decrasing orbital radius but not a decreasing inclination of the dwarfs orbit (for the effects of dynamical friction on the dwarf's orbit see sec. 2.2.1). Electromagnetical interaction is excluded for CDM by definition, so we model the interaction of the CDM shell with the galactic disk using short range interactions like weak or strong interactions.
Model of flattening with short distance forces
Gravitational, collisionless flattening of the CDM sphere towards the galactic disk can be ruled out as mentioned above. So we investigate the flattening of the CDM sphere by collisions. A tidal stream of CDM particles within the CDM shell at R = 15kpc passes the galactic disk during its orbit around the galactic center twice (see fig. 3 ). While passing the galactic disk, the CDM particles can interact by collision with particles in the disk. As hydrogen is the element with the highest number density within the disk, we expect the collisions of the CDM particles to occur predominantly with such atoms.
We determine the product στ of the interaction cross section σ and the time τ needed for flattening the CDM sphere, to get exclusion limits for the force causing the interaction. R C is the height of the CDM ring and R S the height of the stellar disk above the galactic plane. R is the radius of the CDM sphere towards the galactic center. The cube is used for the calculation of̺ in section 3.2.1.
We model the hydrogen at rest in the galactic plane because it thermalizes rapidly due to the large cross section of electromagnetic interaction. The collisions are treated as being central, elastic and of hard sphere type. The CDM velocity component v z which is perpendicular to the galactic plane and the components v x and v y which are parallel to the galactic plane will be investigated seperately. Each CDM velocity component tends to adopt the corresponding velocity component of hydrogen in the disk because the differences of velocity components tend towards zero as a consequence of collisions. Thus, the CDM velocity components v x and v y tend to adopt the corresonding orbital velocity of the disk particles. The CDM velocity component v z accordingly tends towards zero. Consequently the inclination of the orbit within the CDM shell decreases. Here we investigate the change of the CDM velocity component v z only.
In the above equation, m C is the mass of the CDM particle and m H is the mass of hydrogen. In order to calculate the probability of a collision, we use the areal density̺ n of hydrogen in the galactic disk at the location of the CDM ring. At this location, the number density is ̺ n . We consider a cube of length 2R S (see fig. 3 ). Within the cube there are
Next we calculate the mean velocityv ′ z after a transit of the galactic disc as a function of the mean velocityv z before the transit. For this purpose, we calculate the mean number k of collisions of one CDM particle during transit. This number is given by the ratio of the cross section σ and the area A H = 1/̺ n of the galactic plane attributed to a hydrogen particle.
According calculations with powers and equation 8, the mean velocityv ′ z after transit can be denoted asv
After n transits,v zn can be determined as in the following equation:
As the CDM particles pass the galactic disk twice during their orbit in the CDM shell, the time between two disk passages can be calculated as half the time for a complete orbit. For circular orbits with v = (GM/R) 1/2 , the number n of passages during the time t n can be denoted as in the following equation.
We combine the above equation with equ. 10 and insert equ. 9:
At the time t n = τ, the CDM ring has formed. Thus,v zn = v zC , where v zC is the z-component of the orbital velocity of a tidal stream with radius R and inclination i = tan(R C /R), see fig. 3 . In equ. 12, we identify the orbital velocity v = (GM/R) 1/2 . Thus we get:
We consider the following parameters: a CDM particle mass m C = 60GeV, a radius R = 15kpc and R C =1.7kpc (de Boer et al., 2005) , a stellar disk with R S = 0.37kpc (Ibata et al., 2003) and an areal density of hydrogen̺ n = 4.63 · 10 25 /m 2 (Gordon et al., 1976) and the z component of the initial velocity v z0 = sin(i 0 ) · v with i 0 = 90
• . As a consequence we get στ = 1.0668 · 10 −7 m 2 s. The time τ necessary for the formation of a CDM ring, depending on σ, is shown in fig. 4. 
Discussion of ring model
In this model, we investigate the flattening of an initially spherical CDM structure towards the galactic plane. We rule out gravitational interaction for this process (see sec. 3.2) and electromagnetical interaction is ruled out for CDM by definition. The remaining short range interactions (strong and weak) are characterized by their cross sections σ. We have shown that the time necessary for that flattening by weak or strong interaction exceeds the age of the universe (Spergel et al., 2003) by far, see fig  4. Thus the cross section σ of the interaction between the CDM particles and hydrogen of the galactic disk must be larger than the cross sections typical for weak and strong interaction.
Assumptions in the model
We consider a sphere consisting of tidal streams with radius R = 15kpc and various inclinations i. For the above calculations, we used the inclination i = 90
• as an example. This choice of the parameter i provides a typical result according to the relation (Grotz & Klapdor, 1990; Bethge & Schröder, 1991) and the age of the universe (Spergel et al., 2003) are indicated.
The CDM moves on circular orbits around the galactic center. Reasonable elliptical orbits are not expected to influence the results significantly.
As scattering is essentially dependent on the conservation of momentum, the modelled interaction by hard spheres does not diminish the reliability of the results. One more aspect is that we used central collisions. Alternative collisions with non zero impact parameters would slow down the process of the flattening and thus not change the overall results.
The choice of the CDM particle mass m C = 60GeV/c 2 is based on current CDM models by de Boer et al. (2005) . The alternative choice of m C = 4GeV/c 2 is based on the energy of the observed gamma rays (Hunter et. al., 1997) and does not influence the result's order of magnitude.
We divide the velocity of a particle of the tidal stream into a component perpendicular to the galactic plane and a component parallel to this plane. We assume that the parallel component takes the velocity of the discs particles that move on a circular orbit of radius R=15kpc, as a result of the collisions. In order to test the significance of this assumption, we investigate an alternative model: We choose an original inclination of 45
• as an example, and the velocity component parallel to the galactic disc does not increase at all, while the velocity component perpendicular to the disc decreases due to collisions. As a result, we obtain the product στ = 1.003 · 10 −7 m 2 s. Seeing that this differs hardly from the result στ = 1.07·10 −7 m 2 s of sec. 3.2.1, the investigated assumption is deemed acceptable.
Observations underlying the model
The purpose of section 3 is to model the observational finding (Hunter et. al., 1997; de Boer et al., 2005) that CDM is located in the vicinity of the galactic plane. These observations originate from the Energetic Gamma-Ray Experiment Telescope (EGRET) on the Compton Gamma-Ray Observatory. The significance of these observations is still under discussion (Stecker et al., 2008) . Any open questions remaining will hopefully be answered soon.
The typical cross sections for strong and weak interactions (Grotz & Klapdor, 1990; Bethge & Schröder, 1991) are well established.
Alternative scenarios
It has been suggested that the CDM ring observed could have been formed by the infall of a single satellite galaxy with a low inclination orbit (Martinez-Delgado et al., 2005; de Boer , 2007) . The inclination of the orbit of the infalling galaxy must not be larger than arctan(R C /R) = 6.5
• . This corresponds to a probability of 6.5
• /90 • ≈ 7%. In addition, the mass of the observed CDM ring (de Boer et al., 2005) is much larger than the mass of a typical dwarf galaxy. (Sales et al., 2008; Brinks & Klein, 1988; Kormendy, 1987; Meurer et al., 1998) . Moreover, even if this unlikely low inclination and high mass infall did occur, there would still be spherically distributed CDM due to tidally disrupted dwarf galaxies (for details, see sec. 2.2.3), if no flattening (see sec. 3) had taken place. As a consequence, this alternative scenario of a single infall does not rule out the relevance of the flattening model of sec. 3.
Conclusions
As a first step, we model the infall and tidal disruption of dwarf galaxies. A sphere with radius R ≈ 15kpc towards the galactic center consisting of tidal streams with various inclinations is formed by this process. In a second step, we model the flattening of this sphere towards the galactic plane due to collisions of CDM particles with hydrogen within the galactic disk. This flattening corresponds to the interpretation of the EGRET gamma ray excess (Strong & Mattox, 1996; Hunter et. al., 1997; de Boer et al., 2005) .
For these collisions, gravitational and electromagnetical interaction are ruled out. When modelling the flattening with cross sections typical for weak or strong interaction, we obtain duration times for the flattening exceeding the age of the universe. This indicates an interaction of CDM particles and hydrogen with cross sections larger than the cross sections typical for weak and strong interaction.
We summarize the results of our models as follows: As the CDM particles emitting gamma rays are located predominantly in the vicinity of the galactic disk, there must be collisions between these CDM particles and the hydrogen in the galactic disk with cross sections that are larger than those typical for weak and strong interaction. This conclusion is not ruled out by popular alternative scenarios (see sec. 3.3.3).
The observational data unerlying the CDM distribution are still under discussion, so we suggest to make further measurements of the spacial gamma ray distribution in the Milky Way.
